To characterize the use of olodaterol and indacaterol in clinical practice and to quantify the off-label use in asthma. Drug utilization study of new users of olodaterol or indacaterol between 2014 and 2017 in the PHARMO Database Network in the Netherlands, the Danish population registers, and the IMS Real-World Evidence Longitudinal Patient Database panels in France. On-label use was defined as use among adults with a recorded diagnosis of COPD. Off-label use was defined as use among adults with a recorded diagnosis of asthma without a recorded diagnosis of COPD or as use among patients aged ≤18 years. Potential off-label use was defined as no recorded diagnosis of either COPD or asthma. The study included 4,158 new users of olodaterol and 9,966 new users of indacaterol. Prevalence of off-label use ranged from 3.5% for both drugs to 12.4% for olodaterol and 11.9% for indacaterol. Prevalence of on-label use ranged from 47.8% to 77.7% for olodaterol and from 28.7% to 70.1% for indacaterol. The remaining new users of olodaterol and indacaterol were classified as potential off-label users, with prevalence ranging from 17.3% to 48.6% for olodaterol and from 20.5% to 66.6% for indacaterol. This study provides no evidence of a major concern in Europe for olodaterol or indacaterol for off-label use in asthma or for pediatric use.
olodaterol to treat asthma in three countries in Europe. To provide a meanin gful context for the results, we also describe characteristics and off-label use of indacaterol, the other LABA not indicated to treat asthma.
Methods
Study design. We conducted a multinational, cross-sectional drug utilization study using information routinely collected in health care databases of new users of olodaterol or indacaterol. The study was conducted using health care databases in three countries: the PHARMO Database Network in the Netherlands (PHARMO overall and PHARMO General Practitioner [GP]) (www.pharmo.com) 7 , the Danish population registers in Denmark [8] [9] [10] [11] , and the IMS Health Information Solutions Real-World Evidence Longi tudinal Patient Database (IMS RWE LPD) (GP panel and pulmonologist panel) in France 12 . Characteristics of the health care databases are described in Supplemental Table 1 . Briefly, PHARMO overall includes electronic medical records (EMRs), of hospitalizations and outpatient pharmacy dispensings for more than 4 million residents of a well-defined population in the Netherlands (approximately 25% of that country's population) for an average of 10 years. The PHARMO-GP is a 25% subset of the PHARMO overall that also includes EMRs from GPs. The Danish population registers used in this study were the Danish National Patient Register 9 , an administrative registry tracking hospitalizations and outpatient hospital visits, and the Danish National Health Services Prescription Database, which includes data on dispensings from outpatient pharmacies 10 . The IMS RWE LPD panels include EMRs from routine clinical practice from a subset of GPs (GP panel) and pulmonologist (Pulmonologist panel) in France. The study period started on the date of olodaterol launch in each country and ended on the latest date the data were available at the time of each final data extraction. The study periods included in the final data extraction for each data source were from March 1, 2014 , to December 31, 2016 , in PHARMO and the Danish population registers and from October 1, 2015, to November 30, 2017, in the IMS RWE LPD panels. The time periods vary by data source due to time lag in availability of data to researchers. The study was carried out in accordance with relevant guidelines and regulations. The study protocol was approved by the Institutional Review Board (IRB) and by the scientific and ethic committees required by each database. The need for informed consent was waived by the IRB.
Study population.
Patients were included in the study if they fulfilled all the following criteria: (1) received a first prescription/dispensing for single-agent formulations of olodaterol or indacaterol during the study period (new users, with no prescriptions/dispensings ever before) and (2) had at least 12 months of continuous enrolment in the study health care databases preceding the index date, i.e., the date of the first prescription/dispensing for olodaterol or indacaterol. Because the study aimed to assess the use of olodaterol and indacaterol in regular clinical practice, no exclusions regarding age, sex, or comorbidity were defined. However, individuals with missing or implausible (e.g., age over 120 years) values for age or sex were excluded.
On-label, off-label, and potential off-label definitions. Patients were classified in three mutually exclusive groups according to their indication. On-label users were defined as patients aged 18 years or older with a recorded diagnosis of chronic bronchitis, emphysema, or "other COPD" (a recorded diagnosis of COPD without specifying chronic bronchitis or emphysema) at any time before the index date or up to 30 days after the index date. A time window of 30 days after index date was used to allow for a diagnosis to be recorded in the data sources when prescriptions/dispensings may be done by another physician 13 . Because COPD can occur in association with asthma, patients aged 18 years or older with a recorded diagnosis for both COPD and asthma were also considered on-label [14] [15] [16] . Off-label users were defined as patients aged 17 years or younger or patients aged 18 years or older with a recorded diagnosis of asthma in the absence of a recorded diagnosis for COPD at any time before or up to 30 days after the index date (see codes used to define COPD and asthma in Supplemental Table 2 ). Potential off-label users were defined as the remaining patients aged 18 years or older with no diagnosis of COPD and no diagnosis of asthma recorded at any time before or up to 30 days after the index date. An alternative definition of COPD (i.e., probable COPD) was applied to identify patients who likely had true COPD but for whom no recorded diagnosis was found in the available data source. Probable COPD was defined as the subset of potential off-label users that had at least two prescriptions/dispensings for a LABA, long-acting muscarinic antagonist (LAMA), or ICS (or combinations) after the age of 40 years but not before 17, 18 . Review of a sample of 100 patient profiles, i.e. EMRs in chronological order, per drug in each data source was performed to confirm the appropriate performance of the algorithm to identify COPD and asthma, that no codes had been missed, and that the appropriate time windows were being used.
Patient characteristics. New users of olodaterol and new users of indacaterol were characterized at the index date according to demographic variables (age and sex), lifestyle characteristics as available in each data source ( Supplemental Table 3 ) (smoking, obesity, and alcohol consumption), respiratory and nonrespiratory comorbidities, comedications, and COPD severity. Covariates were ascertained based on all information available before the index date, except for comedications and COPD severity that were ascertained up to one year before index date.
Severity of COPD was evaluated among new users of olodaterol or of indacaterol who had a recorded diagnosis of COPD and were aged 40 years or older before the index date. Severity of COPD was evaluated only in the Netherlands and in Denmark and was not evaluable in France due to lack of information on hospitalization. In this study, severity of COPD was defined using a modified version of the algorithm developed by Verhamme, et al. 19 and considering the updated recommendations by the Global Initiative for Chronic Obstructive Lung Disease (GOLD) 2 . Severity of COPD was determined based on information on intermittent versus regular bronchodilator medications use, exacerbations with and without hospitalizations, presence of emphysema, and use of nebulizer and oxygen therapy in the last 12 months prior to the index date (see criteria in Supplemental Table 4 ).
Results
The study included 4,158 new users of olodaterol and 9,966 new users of indacaterol ( Fig. 1 ) across the three countries. Among users of olodaterol or indacaterol, the main reason for exclusion was not being a new user.
Demographic and lifestyle characteristics. The (Table 1) . Overall, the proportion of females and males among new users of olodaterol and indacaterol was close to 50% in all data sources except in the IMS RWE LPD pulmonologist panel, where 64.6% of the new users of olodaterol and 66.9% of the new users of indacaterol were males. In most data sources, a high proportion of patients had no information recorded on lifestyle characteristics. Among patients with recorded information on smoking history, the proportion of those who were current smokers was around 50% in PHARMO-GP and in the IMS RWE LPD GP panel and was higher in the IMS RWE LPD pulmonologist panel, which reported that 90.7% of the new users of olodaterol and 72.2% of the new users of indacaterol were current smokers. There was incomplete recording of obesity in all data sources. In the subset of patients in PHARMO-GP for whom information on obesity was available (72.8% of those new users of olodaterol and 64.6% among new users of indacaterol), the proportion of overweight or obese patients was 66.1% among new users of olodaterol and was 66.7% among new users of indacaterol. The proportion of patients with a recorded diagnosis of alcohol-related disorders was below 10% in all health care databases for both olodaterol and indacaterol new users.
Comorbidities (respiratory-related and nonrespiratory-related) ever before the index date. In general, the proportion of patients with recorded respiratory and nonrespiratory diseases was higher among new users of olodaterol than among new users of indacaterol. Frequent respiratory comorbidities other than COPD were asthma, pneumonia, and other respiratory conditions ( Table 2 ). The most frequent nonrespiratory diseases among new users of olodaterol and indacaterol across data sources were hypertension, ischemic heart disease, other forms of heart disease, arrhythmias, renal disease, diabetes mellitus, and malignancies ( Table 2 ).
Comedications (respiratory-related and nonrespiratory-related) prescribed/dispensed within 1 year before the index date.
In general, prescriptions/dispensings for respiratory and nonrespiratory medications in the year before the index date were more frequent among new users of olodaterol than among new users of indacaterol in all data sources ( Table 2 ). The most frequent prescription/dispensing for respiratory medications in the year before the index date among new users of olodaterol and indacaterol was LAMA, followed by systemic glucocorticosteroids, short-acting beta2-agonist (SABA), LABA/ICS, nasal glucocorticosteroids, and LABA. The most frequent prescriptions/dispensings for nonrespiratory medications among new users of olodaterol and indacaterol were, in general, cardiovascular medications, followed by systemic antibacterial, proton pump inhibitors, antithrombotic agents, and drugs for musculoskeletal system.
COPD severity among new users with COPD at the index date. Severity of COPD among new
users of olodaterol and indacaterol aged 40 years or older with COPD in PHARMO overall, PHARMO-GP, and in Denmark is presented in Table 3 . The proportion of patients aged 40 years or older with severe or very severe COPD was lowest in PHARMO-GP and highest in Denmark, ranging from 41.7% (PHARMO-GP) to 67.1% 
Conclusion
The prevalence of off-label use of olodaterol (3.5% to 6.2%) and indacaterol (3.5% to 9.4%) reported in the present study was at the lower bound of the range of off-label use reported by the European Commission (EC) in 2017. In this review, off-label use of different medications, either specific active substances or drug classes, in 13 European studies in a variety of therapeutic areas ranged from 6% to 72%. Off-label use for respiratory medications indicated either for asthma or COPD was 69% among patients aged 18-70 years and 17% among patients aged >70 years 20 . In this study, the prevalence of off-label use of olodaterol and indacaterol was only somewhat higher in www.nature.com/scientificreports www.nature.com/scientificreports/ the IMS RWE LPD GP panel (12.4% for olodaterol and 11.9% for indacaterol). No notable differences in off-label use were observed between olodaterol and indacaterol.
Results of the present study indicate that new users of olodaterol and indacaterol represent an elderly population, with a similar sex distribution and a high prevalence of respiratory and nonrespiratory comorbidities and use of comedications. In general, age and sex distribution of new users of olodaterol were similar to that of new users of indacaterol, and were in line with findings in former studies 19, [21] [22] [23] . A high degree of data on lifestyle characteristics were missing due to type and availability of information in the health care databases. New users of olodaterol had more comorbidities and used more comedications than new users of indacaterol. In general, the frequency of comorbidities among new users of olodaterol and indacaterol was in the range of that reported in the literature for patients with COPD, although the prevalence of most nonrespiratory comorbidities such as hypertension or ischemic heart disease was lower than expected in the IMS RWE LPD panels 19, [22] [23] [24] . Differences in the type and availability of data in each data source and differences in the duration of the look-back period may explain part of the differences observed between data sources. The results indicate that olodaterol, the newer medication, tends to be prescribed to patients who are less stable and need medication changes or to patients with more severe COPD as compared with older medications with similar indications of use (i.e. indacaterol). Differences in the distribution of COPD severity by data source can also be explained by the type and availability of data, i.e., in Denmark only patients who have had a hospital contact for COPD could have a recorded diagnosis of COPD, thus diagnosis of COPD recorded among those patients managed in primary care could not be captured. The proportion of use of other respiratory medications in PHARMO overall, PHARMO-GP, and Denmark was similar to proportions of these medications described in the literature, except that of prior use of ICS, which was lower 19, 21 .
The study included a high number of users across different health care systems and data sources in Europe. Performing the study across several data sources increased the number of new users being evaluated and allowed assessment of potential differences in the patterns of use between countries for the medications of interest. Heterogeneity in the type and completeness of the information in these data sources may be driving, at least in part, the differences observed between them. However, the results must be evaluated in the context of the study's two main limitations. First, the data sources used in this study provided detailed information on prescribed/dispensed medications but not on the actual use of the medications, and this may lead to exposure misclassification, which can be worst in patients with COPD, a disease with frequently low adherence and persistence to treatment 25, 26 . This type of misclassification is more likely to occur in the IMS RWE LPD panels that have information on prescriptions rather than in the PHARMO and Danish data sources that have information on dispensings 27 . Second, the recorded COPD and asthma diagnosis might be incomplete. In the present study, on-label use was identified only by recorded diagnoses for COPD. It is likely that this method resulted in an underestimation of the prevalence of on-label use due to the potential incomplete recording of COPD diagnosis in the health care data sources [18] . A high proportion of new users of olodaterol and indacaterol had neither recorded COPD nor asthma diagnosis codes and were classified as "potential off-label use". To untangle the potential misclassification due to incomplete recording, a medication algorithm was used to identify patients that were likely to have COPD. A high proportion of up to 76.3% of the patients in PHARMO overall without a recorded diagnosis of COPD or asthma had "probable COPD" based on the medication proxy, suggesting that these patients are likely using the drug on-label versus what had been identified in the participating health care databases. Results also suggest 8, 28 . Even in health care data sources with access to primary care data, recording may be incomplete when recording is not mandatory for the GPs. Incomplete recording is also supported by the fact that the proportion of patients classified as having "probable COPD" is high in all data sources, but higher in data sources with no primary care data. Use of olodaterol and indacaterol among patients with asthma only (and no COPD) is expected to be limited to patients who have failed to experience symptom improvement with other LABAs, who may find presentation dosage or device to be less convenient, or who have had drug substance-specific adverse events or contraindications. Routinely collected data used in this study do not specifically record indication for use or patient preference; therefore, the reported level of off-label use is at least partially attributable to the limitations of the data Table 3 . COPD severity among new users aged 40 years or older with COPD at the index date, by study medication and by data source. COPD = chronic obstructive pulmonary disease; LABA = inhaled long-acting beta2-agonist; NA = not available; PHARMO = PHARMO Database Network; PHARMO-GP = PHARMO General Practitioner Database. a Severity categories were mutually exclusive and patients that fulfill criteria for more than one category were classified as being in the most severe category. The proportion of patients in each COPD severity category was calculated over the total number of new users aged 40 years or older with COPD at the index date. For indented subcategories of the COPD severity groups, the proportion of patients was calculated over the number of patients in the non-indented category or subcategory. b Patients were classified in this category when they did not fulfill criteria for very severe, severe, or moderate. c At least two prescriptions/ dispensings of the same COPD drug class with a maximum interval of 6 months in the 12 months before index date. d Patients with at least one of the listed criteria for severe in the prior year. e Patients with at least one of the listed criteria for very severe. www.nature.com/scientificreports www.nature.com/scientificreports/ sources. Similarly, we cannot completely rule out potential misclassification of COPD as asthma, although it is less likely that true asthma was misclassified as COPD.
Overall, this study provides no evidence of a major concern for an off-label use of olodaterol or indacaterol in asthma or pediatric use of olodaterol or indacaterol in Europe. The lack of direct evidence of prescribed indication (potential off-label use) for a high proportion of patients is a limitation for some data sources, although indirect evidence supports that off-label use is low. Finally, given that asthma management guidelines have consistently and strongly recommended that LABAs should be used only in combination with ICS 13 , it is expected that use of olodaterol and indacaterol among patients with asthma only is done with concomitant use of ICS, although this was not evaluated in our study.
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